Observations of distant supernovae indicate that the Universe is now in a phase of accelerated expansion 1,2 the physical cause of which is a mystery 3 . Formally, this requires the inclusion of a term acting as a negative pressure in the equations of cosmic expansion, accounting for about 75 per cent of the total energy density in the Universe. The simplest option for this 'dark energy' corresponds to a 'cosmological constant', perhaps related to the quantum vacuum energy. Physically viable alternatives invoke either the presence of a scalar field with an evolving equation of state, or extensions of general relativity involving higher-order curvature terms or extra dimensions 4-8 . Although they produce similar expansion rates, different models predict measurable differences in the growth rate of large-scale structure with cosmic time 9 . A fingerprint of this growth is provided by coherent galaxy motions, which introduce a radial anisotropy in the clustering pattern reconstructed by galaxy redshift surveys 10 . Here we report a measurement of this effect at a redshift of 0.8. Using a new survey of more than 10,000 faint galaxies 11,12 , we measure the anisotropy parameter b 5 0.70 6 0.26, which corresponds to a growth rate of structure at that time of f 5 0.91 6 0.36. This is consistent with the standard cosmological-constant model with low matter density and flat geometry, although the error bars are still too large to distinguish among alternative origins for the accelerated expansion. The correct origin could be determined with a further factorof-ten increase in the sampled volume at similar redshift.
Observations of distant supernovae indicate that the Universe is now in a phase of accelerated expansion 1,2 the physical cause of which is a mystery 3 . Formally, this requires the inclusion of a term acting as a negative pressure in the equations of cosmic expansion, accounting for about 75 per cent of the total energy density in the Universe. The simplest option for this 'dark energy' corresponds to a 'cosmological constant', perhaps related to the quantum vacuum energy. Physically viable alternatives invoke either the presence of a scalar field with an evolving equation of state, or extensions of general relativity involving higher-order curvature terms or extra dimensions [4] [5] [6] [7] [8] . Although they produce similar expansion rates, different models predict measurable differences in the growth rate of large-scale structure with cosmic time 9 . A fingerprint of this growth is provided by coherent galaxy motions, which introduce a radial anisotropy in the clustering pattern reconstructed by galaxy redshift surveys 10 . Here we report a measurement of this effect at a redshift of 0.8. Using a new survey of more than 10,000 faint galaxies 11, 12 , we measure the anisotropy parameter b 5 0.70 6 0.26, which corresponds to a growth rate of structure at that time of f 5 0.91 6 0.36. This is consistent with the standard cosmological-constant model with low matter density and flat geometry, although the error bars are still too large to distinguish among alternative origins for the accelerated expansion. The correct origin could be determined with a further factorof-ten increase in the sampled volume at similar redshift.
A relevant consequence of the presence of a dominant form of dark energy in the Universe, in addition to its primary effect on the expansion rate, is to modify the gravitational assembly of matter from which the observed large-scale structure originated. In linear perturbation theory, it is possible to describe the growth of a generic small-amplitude density fluctuation through a second-order differential equation. This equation depends on the expansion rate H(z), but also on the theory of gravity. From its solutions, we can define a linear growth rate f that measures how rapidly structure is being assembled in the Universe as a function of cosmic time, or, equivalently, of the redshift. The redshift z 5 l meas /l emis 2 1 of the radiation emitted by a distant object is a measure of the time of emission through its dependence on the cosmic scale factor a(t), which is 1 1 z 5 1/a(t emis ). f(z) essentially depends on the value of the mass density parameter at the given epoch, V m (z), which is defined as the ratio of the matter density AEr m (z)ae to the 'critical' density required to halt the expansion r c 5 3H(z) 2 /8pG, where G is Newton's constant of gravity. For the flat cosmological-constant model (in which the total density in matter and dark energy is V m 1V 5 1) the dependence 9 is f (z)< V m (z) ½ 0:55 . However, this is not valid if the observed acceleration originates from a modification of the equations of the general theory of relativity; for example, in the Dvali-Gabadadze-Porrati (DGP) braneworld theory, an extra-dimensional modification of gravity 13 
½ c has been shown to be an accurate description for a wide range of models 9, 14 (for which V m (z) itself, not only c, depends on the model). Thus, models with the same expansion history H(z) but a different gravity theory will have a different growth rate evolution f(z) and index c (refs 9, 15) . A discrepancy between the measured value of the growth rate and that computed independently (assuming the general theory of relativity applies) from the H(z) yielded by type Ia supernovae would point to modifications of gravity [6] [7] [8] , rather than to exotic new ingredients in the physical content of the Universe 4,5 .
A few observational techniques have been suggested to measure f(z) at different redshifts 9, 16 . Redshift-space distortions, that is, the imprint of large-scale peculiar velocities on observed galaxy maps, have not yet been considered in this context. Gravity-driven coherent motions are in fact a direct consequence of the growth of structure. The anisotropy they induce in the observed galaxy clustering when redshifts are used as a measure of galaxy distances can be quantified by means of the redshift-space two-point correlation function 1 Vol 451 | 31 January 2008 | doi:10.1038/nature06555 j(r p ,p). Here, r p and p are respectively the transverse and line-ofsight components of galaxy separations 17 (see Supplementary Information for definitions). The anisotropy of j(r p ,p) has a characteristic shape at large r p that depends on the parameter 18, 19 
In practice, we observe a compression that is proportional to the growth rate, weighted by the factor b L , the linear bias parameter of the specific class of galaxies being analysed. b L measures how closely galaxies trace the mass density field, and is quantified by the ratio of the root-mean-square fluctuations in the galaxy and mass distributions on linear scales 20 . Using this technique, a value of b 5 0.49 6 0.09 has been measured at z < 0.15 using the 2dF Galaxy Redshift Survey (2dFGRS) sample of 220,000 galaxies with bias 10,21 b L 5 1.0 6 0.1, corresponding to a growth rate of f 5 0.49 6 0.14.
We have measured the parameter b at an effective redshift z 5 0.77, using new spectroscopic data from the Wide part of the VIMOS-VLT Deep Survey (VVDS) 11, 12 . The redshift-space correlation function j(r p ,p) has been estimated from a recently completed subset of 5,895 faint galaxy redshifts between z 5 0.6 and z 5 1.2, covering an area of 4 square degrees (the F22 field; see Supplementary Information for more details). This corresponds to an effective sampling volume of 6.35 3 10 6 h 23 Mpc 3 , at a median epoch of ,7 Gyr, that is, about half the age of the Universe. j(r p ,p) has been estimated in the conventional way by comparing the number of galaxy pairs at different separations (r p ,p) to that in a random sample with an identical geometry and sampling pattern (Fig. 1a ). The evident ellipsoidal shape (that is, the compression of the iso-correlation contours along the line of sight-the vertical direction) is the fingerprint of galaxy streaming motions. The corresponding value of b can be measured by expanding the observed j(r p ,p) in spherical harmonics; the coefficients of the expansion can be theoretically expressed as functions of b and the best value of this parameter obtained through different fitting techniques 18, 19 . We have directly tested these methods on fully realistic simulations of our data (M.P. et al., manuscript in preparation); we obtained the least biased and most stable results through a direct maximumlikelihood fit of the full spherical harmonic model for j(r p ,p), convolved with an exponential function that accounts for the small-scale nonlinear contribution 21 (see Supplementary Information for details). This model is characterized by two free parameters, the linear compression b and the root-mean-square velocity dispersion of galaxy pairs s 12 , describing the small-scale incoherent motions in groups and clusters. The model that maximizes the likelihood, given our data, has b 5 0.70 and s 12 5 412 km s 21 (corresponding to the superimposed contours in Fig. 1a ).
To estimate realistic errors for these values, we applied the same procedure to 100 independent mock replicas of our survey constructed from the Millennium simulation 22 including the full observing strategy, selection mask and redshift errors of the VVDS. These state-of-the-art simulations are highly successful in reproducing a wide range of galaxy and large-scale structure properties and can be considered in many respects as Monte Carlo realizations of our data. They allow us to include in the error budget a fair estimate of the finite sampling noise and of the 'cosmic variance' due to fluctuations on scales larger than the sampled volume. In Fig. 1b the contours correspond to the bivariate gaussian describing the distribution of the 100 mock measurements, centred on the best-fit (b,s 12 ) pair from the data. The mean values of both parameters from the 100 mock catalogues (b 5 0.62 6 0.03, s 12 5 382 6 12 km s 21 ) are remarkably close to those measured from the data. This adds to our confidence in the overall realism of the simulations and consequently in the various tests performed to assess the robustness of our result (see Supplementary Information for details). Marginalizing over the root-meansquare pairwise dispersion (that is, integrating along s 12 ), we obtain an estimate of the error on the compression parameter, such that b 5 0.70 6 0.26.
Because both the growth rate and galaxy bias evolve with redshift, this value represents a mean over the redshift range 0.6 ,z ,1.2, on the measured large-scale distribution of galaxies at high redshift. For a given mean density of matter, this depends on the amount of dark energy and is quantified by the level of anisotropy in the galaxy correlation function j(r p ,p). a, The colour scale represents j(r p ,p) as measured using ,6,000 galaxy redshifts with 0.6 , z , 1.2 (effective redshift AEzae 5 0.77) in the VVDS-Wide survey. The intensity levels describe the measured degree of correlation as a function of the transverse (r p ) and radial (p) separation of galaxy pairs. j(r p ,p) has been computed in pixels of 1h 21 Mpc per side and smoothed with a gaussian kernel before plotting. The actual measurement is replicated over four quadrants to show the deviations from circular symmetry. Galaxy peculiar velocities combine with the cosmological expansion, producing the distorted pattern when the redshift is used as a distance measure. In the absence of peculiar motions, the contours would be perfect circles. The effect of galaxy infall caused by the growth of large-scale structure is evident in the flattening of the purple-blue large-scale levels, while the small-scale elongation along p (white-yellow-red contours) is the result of the high-velocity-dispersion pairs in group and clusters of galaxies ('fingers of God'). The superimposed solid contours correspond to the bestfitting distortion model with a compression parameter b 5 0.70 and a pairwise dispersion s 12 5 412 km s 21 , obtained by maximizing the model likelihood given the data. b, Confidence levels for the compression parameter b and the dispersion of relative velocities of galaxy pairs, s 12 ; the contours correspond to the bivariate gaussian that best reproduces the distribution of 100 Monte Carlo measurements on fully realistic mock realizations of the data, constructed from numerical simulations (see Supplementary Information) . The solid lines correspond to one-parameter confidence levels of 68%, 95% and 99%, such that marginalizing over s 12 , we obtain the root-mean-square uncertainty on b.
weighted by the radial selection function of the sample. We take the effective redshift for this measurement to be z 5 0.77, which corresponds to the mean value of the squared redshift distribution N 2 (z). This is a natural choice because j(r p ,p) depends on the distribution of galaxy pairs. The goodness of this choice has then been verified using the mock samples, where both the value of V m (z) and b L (z) are known or can be directly recovered. In this way, the behaviour of b(z)~V 0:55 m (z)=b L (z) can be directly compared to the estimated global value from the whole redshift range. This shows that our estimate of b should coincide with b(z 5 0.77) within 3%, which is well below our statistical errors (see Supplementary Information) . This is the first measurement of b at a redshift approaching unity based on a fully homogeneous galaxy redshift survey over a large volume and with accurate control over selection biases, finite sampling and cosmic variance errors. The detection and quantitative measurement of galaxy streaming motions at an epoch when the Universe was significantly younger is an important observational result in itself, testifying to the gradual growth of structure and corroborating the gravitational instability picture. To translate this measurement into an estimate of the growth rate f 5 bb L , we need to know the effective linear bias factor characterizing the mean relative clustering of our galaxies with respect to the underlying mass. With sufficient statistics, b L can be determined directly from the survey data, by measuring the higher-order details of the clustering pattern 20 , but this would require a survey several times larger than that used here.
We thus adopt a different approach that has already been successfully applied to the Deep part of the VVDS survey 23 . This requires including additional information provided by independent observations, such as the level of anisotropy in the Cosmic Microwave Background 24 or the mean number density of galaxy clusters 25, 26 . Both of these measurements constrain the root-mean-square amplitude of mass density fluctuations on a given scale, conventionally measured in spheres of 8h 21 is measured directly from the sample by counting the number of galaxies in randomly placed spheres; the corresponding mass value is instead obtained by scaling the WMAP value to z 5 0.77 using linear theory in a self-consistent cosmology (which has a weak influence on the final result, for a flat geometry). In this way, we obtain b L 5 1.3 6 0.1, corresponding to a growth rate of f(z 5 0.77) 5 bb L 5 0.91 6 0.36.
It is interesting to compare this measurement to available model predictions (Fig. 2) . These include the standard flat (V m0 5 0.25, V 0 5 0.75) cosmological-constant model, an open model with the same V m0 but no cosmological constant , the DGP braneworld modification of gravitational theory 7 and two cases in which the dark matter component interacts with the dark energy field 5 . Clearly, error bars on this measurement alone are still too large to discriminate among these models. We also show in Fig. 2 the few existing measurements of f at lower redshift. These include a value at z < 0.15 from the 2dFGRS 21 and another estimate at z 5 0.55 that we have computed using a recent measurement of b from a survey of luminous red galaxies 27 . This value can only be taken as indicative, as it was obtained by an analysis that tries to account for extra distortions due to the geometric Alcock-Paczynski effect 28 and imposes the additional constraint of V m matching the evolution of clustering to z < 0 (see Fig. 2 
legend and Supplementary Information).
With these caveats in mind, it is nevertheless encouraging to observe a coherent trend in the measurements. In particular, considering the standard general theory of relativity framework, even with the current error bars the evolution of the growth rate evidently disfavours a Universe with open geometry containing only matter (at the level of ,25% of the critical density as measured by several independent probes 10, 21, 25, 26 ). This is a relevant result, as it represents an indication, independent of the Cosmic Microwave Background 24 , of the need of extra dark energy to bring the curvature close to zero. We note that a purely illustrative x 2 fit of the three data points to the functional form f(z) 5 [V m (z)] c would indeed favour the flat cosmological constant model with growth index c < 0.55-0.6, although with rather low confidence.
To discriminate among different dark energy or modified-gravity models at a finer level will require more precise estimates of b and b L or a larger number of independent measurements with similar precision. Ongoing and planned redshift surveys are expected to fulfil this need in the near future, both in quantity and quality (see Supplementary Information) . Overall, these results suggest that Our new measurement at z 5 0.77 from the VVDS-Wide survey (yellow-red circle) is shown together with that from the 2dFGRS, computed from the published 21 value of b; to do this, we adopted the bias value b L 5 1.0 6 0.1 estimated from higher-order clustering in the same survey 20 . We have also used very recent measurements from the 2dF-SDSS LRG and QSO (2SLAQ) survey of luminous red galaxies 27 (blue open square) to add one further point at z 5 0.55. In this case, however, the values of b and b L are not fully independent, because they have been obtained by imposing simultaneous consistency with the clustering measured at z 5 0. In practice, this forces the resulting f towards the flat model, that is, ,V m 0.55
. A more appropriate treatment would require an independent estimate of the bias for this sample 23 ; this uncertainty is accounted for by the error bars, which in all cases correspond to 68% confidence intervals. The solid red line gives the growth rate for the standard cosmological-constant flat (V m0 5 0.25, V 0 5 0.75) model, while the dashed red line is the corresponding open model with the same matter density but no cosmological constant; the blue and green dashed curves describe models in which dark energy is coupled to dark matter 5 ; the black dot-dashed line is the DGP braneworld model, an extradimensional modification of the gravitation theory 7 . For reference, the red horizontal dotted line f (z):1 corresponds to the constant growth rate we expect in a critical-density Einstein-De Sitter model, in which the flat geometry is due to matter only (V m0 5 1). Interestingly, despite the large error bars, the available measurements coherently indicate the need for a low V m0 , but at the same time disfavour an open model, thus requiring the presence of a cosmological constant or dark energy. We also provide an example of the accuracy achievable by future surveys in discriminating which kind of dark energy model is correct: the small black error bars on the standard curve (red) show forecasts for measurements in bins of size Dz 5 0.2 from an all-sky survey of a half-billion infrared-selected (H , 23) galaxies, as recently proposed to the ESA Cosmic Vision programme by the SPACE consortium (http://urania.bo.astro.it/cimatti/space/).
